Introduction {#sec1_1}
============

The transitional period leading up to the diagnosis of clinically probable early Alzheimer disease (AD) includes stages such as mild cognitive impairment (MCI), in which patients display signs of cognitive decline but their activities of daily living are largely preserved. Every year, 10--15% MCI patients start to experience the first clinical symptoms of cognitive decline. However, the etiology of MCI is still not yet completely understood \[[@B1]\].

Grey matter loss has been reported for MCI patients in the hippocampus, medial temporal lobe, prefrontal cortex and insula, whereas white matter reduction in the temporal lobe, right anterior cingulate, frontal gyrus, and parietal angular gyrus \[[@B2]\]. Most of the MCI individuals exhibit atrophy patterns similar to AD patients, whereas for others they are similar to cognitively normal individuals \[[@B3]\]. Similarly, neuropsychological tests distinguish between normal aging and MCI, such as Digit Span Backward \[[@B4]\], Stroop task \[[@B5]\], and Mini-Mental State Examination (MMSE) \[[@B6]\].

Recent evidence shows that patient\'s occupation, leisure activities, and educational background might resort in a positive effect on one\'s mental abilities. They are considered part of cognitive reserve (CR), defined as the difference between one\'s actual and expected performance in cognitive tasks given a number of individual characteristics when present a brain pathology \[[@B7]\]. Two explanations have been put forward in the literature, passive and active. Brain reserve (BR) \[[@B8]\] belongs to the former as it assumes that larger brains tolerate better structural changes without displaying significant clinical deficits \[[@B9]\]. In contrast, active models suggest that CR helps to cope with brain damage by using pre-existing cognitive processes and compensatory processes \[[@B10]\]. In this way, individuals with higher CR are better equipped to withstand AD symptoms until a large amount of pathology has accumulated \[[@B7]\]. The effect of CR (education, leisure activities and IQ) has been shown also in MRI investigations and has been associated with grey matter volume alterations in the superior temporal gyrus and the left superior parietal lobule \[[@B11]\] and in the left caudate nucleus, thalamus and left post-central gyrus \[[@B12]\], whereas white matter volume changes have been observed in the hippocampus \[[@B13]\].

In 2017, several patients were diagnosed with MCI according to the National Institute on Aging (NIA) criteria \[[@B14]\] in the Memory Clinic at Gasthuisberg University Hospital, Leuven, Belgium. Three patients were selected for our case reports study (see online suppl. material for further details about inclusion and exclusion criteria and Table [S1](#S1){ref-type="supplementary-material"} for their demographics; for all online suppl. material, see [www.karger.com/doi/10.1159/000507977](http://www.karger.com/doi/10.1159/000507977)). The aim of our study is to shed light on the relation between cognitive impairment − considering differences in age and education (CR), and brain size (BR) − grey and white matter volume, and behavioral outcomes.

Case Reports {#sec1_2}
============

We performed an MRI scan for each individual (for details, see online suppl. material) to detect grey and white matter volumes, and we investigated their percentile, defined as the value below/above which a given percentage of observations in a group of observations falls \[[@B15]\]. In order to be able to compare our MCI patients with healthy controls, we recruited 33 healthy older adults from our university\'s Academic Center for General Practice, matched for age, sex, and years of education and had them undergo the same battery of cognitive tests and 12 of them take an MRI scan. MR images were evaluated by a neuroradiologist for Global Cortical Atrophy (GCA), Koedam, Medial Temporal Atrophy (MTA), and Fazekas (see \[[@B12]\] for further details). Considering the outcomes of those visual rating scales, consequently we investigated the inter-regional grey and white matter volumes of specific regions of interest (ROIs). Last, a battery of neuropsychological tests was administered to participants, including: MMSE, Digit Span, Controlled Oral Word Association Test, Visual Association Test (VAT), Stroop, Visual Search, Raven, CORSI, and N-Back (see \[[@B12]\] for further details). Of these, we calculated the percentile by comparing the performance of each patient with the healthy controls (*n* = 33).

*Patient 1* is an individual between 70 and 75 years old first presented at our memory clinic in April 2016 because of a mild forgetfulness mainly noticed by the daughter over the last 2 years. The patient\'s medical history contained an appendectomy in 1960, a fall with skull fracture in 2003 with good recovery and arterial hypertension for which the patient took lisinopril and hydrochlorothiazide. In addition, it has been reported that the patient has difficulties with orientation in new environments and also with the use of some household appliances. The patient is a former banking consultant holding a PhD degree, now retired, living at home with his wife. They often go out for walking or biking, and they attend to their garden. They often take care of their grandchildren and are also active in local activities for older people. The results from the neuropsychological evaluation reported a severe short-term memory impairment (VAT), short-term working memory (Digit Span), visuo-spatial short-term working memory (CORSI), general cognitive functioning (MMSE) and verbal fluency (COWAT). Slightly differently, attention and inhibitory control (Stroop) revealed a moderate impairment, whereas working memory (N-Back) and fluid intelligence (Raven) were reported in the average of healthy controls (Table [1](#T1){ref-type="table"}). An MRI and subsequent FDG PET scan were performed, and a diagnosis of non-amnestic MCI was established. Patient 1 showed a minimal widening of the cortical sulci, more pronounced in the parietal cortex (precuneus), together with an unusual high signal in the left hippocampus/amygdala, possible normal, but other etiologies, e.g. auto-immune pathology, cannot be excluded. Furthermore, we observed a moderate enlargement of the lateral and third ventricle and of the left temporal horn, and only one small vascular lesion in the frontal periventricular white matter on the right side (Table [2](#T2){ref-type="table"}). Consequently, after segmentation, we detected differences in both total intracranial volume (TIV) of grey and white matter compared to healthy controls (Fig. [1](#F1){ref-type="fig"}): the TIV of grey matter was 53.56%, scoring in the 8th percentile, and of white matter was 67.16%, scoring in the 92nd percentile. Furthermore, considering the outcomes of the visual rating scale evaluation, we investigated the inter-regional grey and white matter volumes of specific ROIs (Fig. [2](#F2){ref-type="fig"} and online suppl. Table [S2](#S1){ref-type="supplementary-material"}), and we found differences in grey matter volume in the left amygdala, left hippocampus, left SPL (area 5 and 7), right SPL (area 5 and 7), and for white matter volume in the left amygdala, left hippocampus, left SPL (area 5 and 7), and right SPL (area 5 and 7) compared to healthy individuals.

*Patient 2* is an adult between 80 and 85 years old that was referred by the GP because of progressive memory problems. Patient\'s medical history mentioned stomach ulcers, arterial hypertension and a total hip replacement. The medication consisted of perindopril, calcium and vitamin D supplements, zoledronate, and estriol. The patient had progressive complaints of memory loss and subtle word finding difficulties over the last year. There was no impact on the level of functioning. The patient went to school until the age of 17 (secondary school) and is now retired as a factory worker. MMSE at presentation (2017) was 24/30. The results from the neuropsychological evaluation revealed a severe impairment in attention (Visual Search), visual short-term memory (VAT), verbal fluency (COWAT), attention and inhibitory control (Stroop), fluid intelligence (Raven), and general cognitive functioning (MMSE). Differently, short-term working memory revealed a moderate impairment (Digit Span) and visuo-spatial short-term working memory (CORSI). However, working memory (N-Back) indicated an average performance compared to the healthy controls (Table [1](#T1){ref-type="table"}). A diagnosis of multidomain amnestic MCI was established, and an MRI was performed which showed alterations in both grey and white matter volumes (Table [2](#T2){ref-type="table"}) in terms of global widening of the cortical sulci, moderate enlargement of the lateral and third ventricles, and several vascular white matter lesions in frontal and parietal periventricular and subcortical (left \> right) white matter in both hemispheres. After segmentation, we detected differences in both TIV of grey and white matter compared to healthy controls (Fig. [1](#F1){ref-type="fig"}): the TIV of grey matter was 49.42%, scoring in the 0th percentile, and of white matter was 46.80%, scoring in the 84th percentile. Furthermore, considering the outcomes of the visual rating scale evaluation, we investigated the inter-regional grey and white matter volumes of specific ROIs (Fig. [2](#F2){ref-type="fig"} and online suppl. Table [S2](#S1){ref-type="supplementary-material"}), and we found differences in grey matter volume in the left SPL (area 5 and 7) and right SPL (area 5 and 7), and in white matter volume in the left SPL (area 5 and 7) and right SPL (area 5 and 7).

*Patient 3* is anindividual between 75 and 80 years old who was referred from our diabetics clinic since the patient could not independently manage the insulin therapy. The patient forgot to measure the glucose levels and/or to administer the insulin therapy. The patient indicated that they had become more forgetful over the last 6 months and had difficulties with the former scientific activities as an archeologist (e.g., the patient could not follow meetings anymore, experiences difficulties understanding scientific texts, etc.). The patient was trained as an electrician and retired as head of the safety and prevention department of a company. The patient always had a specific interest for archeology and obtained a PhD in archeology in 2005. Patient\'s history mentions rheumatoid arthritis, partial nephrectomy for a renal cell carcinoma with subsequent depression, benign prostate hypertrophy, chronic pain and spinal stenosis. The patient scored 29/30 on the MMSE. Patient\'s drug list contained acetaminophen, amlodipine, dutasteride and tamsulosin, transdermal fentanyl, losartan, pramipexol, simvastatin, and insulin. Following further investigation by using MRI and neuropsychological evaluation, led to the diagnosis of multidomain non-amnestic MCI (Table [1](#T1){ref-type="table"}). The results from the neuropsychological evaluation revealed a severe impairment in attention and inhibitory control (Stroop) and attention (Visual Search). In contrast, short-term working memory revealed a moderate impairment (Digit Span), verbal fluency (COWAT), general cognitive functioning (MMSE), fluid intelligence (Raven), and visuo-spatial short-term working memory (CORSI). However, short-term memory (VAT and N-Back) revealed an average performance compared to healthy controls (Table [1](#T1){ref-type="table"}). An MRI was performed, reporting alterations in both grey and white matter volumes (Table [2](#T2){ref-type="table"}) in terms of global widening of the cortical sulci and moderate enlargement of the lateral and third ventricles, and bilateral multiple vascular periventricular and subcortical white matter lesion with beginning confluency of the lesions. After segmentation, we detected differences in both TIV of grey and white matter compared to healthy controls (Fig. [1](#F1){ref-type="fig"}): the TIV of grey matter was 42.21%, scoring in the 0th percentile, and of white matter was 60.25%, scoring in the 92nd percentile. Furthermore, considering the outcomes of the visual rating scale evaluation, we investigated the inter-regional grey and white matter volumes of specific ROIs (Fig. [2](#F2){ref-type="fig"} and online suppl. Table [S2](#S1){ref-type="supplementary-material"}), and we found differences in grey matter volume in the left SPL (area 5 and 7) and right SPL (area 5 and 7), and in white matter volume in the left SPL (area 5 and 7) and right SPL (area 5 and 7).

Discussion {#sec1_3}
==========

These case reports provided a valuable addition to the current workup on MCI and its diagnosis, especially for the evidence of an increase in white matter volume. This study highlights increased white matter volume and decreased grey matter volume in MCI patients compared to healthy controls, although individual discrepancies in cognitive test performance were detected, suggesting that both CR \[[@B10]\] and brain size \[[@B8]\] played an important role in compensating for cognitive impairment.

In most MCI and AD literature studies, a white matter volume reduction is reported in several brain regions, such as precentral gyrus and superior frontal gyrus \[[@B16]\], following the retrogenesis theory of white matter degeneration \[[@B17]\], where the main feature is the loss or disconnection of fiber tracts. However, in contrast, our results revealed a larger white matter volume in all 3 MCI patients compared to healthy controls when looking at the whole brain, whereas in 2 out of 3 patients when looking at specific ROIs (SPL right and left, areas 5 and 7). An increase in white matter volume has been reported for developing brains from childhood to adolescence \[[@B18]\] but not for MCI. Although the reason behind the observed increase is elusive to us, it might influence clinical outcome and diagnosis. As for grey matter volume, it displayed a decrease in all 3 MCI patients when investigating the whole brain, and in 2 out of 3 patients when investigating specific ROIs (amygdala right and left, and SPL right and left, respectively for areas 5 and 7), in line with previous studies.

Furthermore, we measured cognitive functioning by using several cognitive tests. Patient 1 exhibited a smaller cognitive impairment, in line with the CR theory of Stern \[[@B10]\] as he/she was the youngest with a high education level and in line with the BR theory of Schofield \[[@B8]\] as he/she had the largest grey matter volume of all 3 patients. According to Schofield, individuals with larger brain size exhibit a smaller amount of cognitive impairment until a later stage due to the neural substrate support in maintaining a normal cognitive functioning. These findings are confirmed by studies that investigated the impact of CR and BR on cognitive decline \[[@B12]\]. In contrast to the first case, patient 2 was characterized by low educational level, older age and small brain size that affected negatively on neuropsychological performance and confirmed the role played from CR and BR on cognitive functioning. Differently, patient 3 revealed a severe impairment in certain cognitive functions, probably due to the negative effect played by age, accordingly to the study of Greenwood \[[@B19]\], whereas a moderate impairment in other cognitive domains probably due to the high level of education. Also in this case, both CR and BR were involved in modulating the impact of cognitive impairment.

Neuroimaging studies investigating MCI patients reported grey matter volume decrease in the hippocampus, medial temporal lobe, prefrontal cortex, and insula \[[@B3]\], whereas white matter reduction in the temporal lobe, right anterior cingulate, frontal gyrus, and parietal angular gyrus \[[@B2]\]. In addition to these studies, our findings showed a grey matter volume decrease in amygdala and SPL that have only been sparsely investigated (SPL by \[[@B20], [@B21]\], and amygdala by \[[@B22]\]), and reported evidence of an increase in white matter volume, previously not observed in MCI patients, which could play a critical role in the diagnosis of MCI. A possible cause of WM volume increase might be due to the fact that with aging and neurodegenerative diseases, there is an increase in neuronal inflammation \[[@B23]\] and an increase in the number of HLA-DR/MHC II-positive microglia \[[@B24]\].

In conclusion, we demonstrate the differential impact of CR and BR on cognitive impairment for structural and cognitive responses in MCI patients, and we underline the additional evidence compared to the previous studies regarding the increase in white matter volume in these patients that might reach a valuable level of importance in clinical practice. However, it is still not clear which factors may have contributed to the latter results and what their role is in predicting cognitive impairment. As limitations of our study, we mention the use of age and education as factors that might play an important role in cognitive performance and structural changes, although others, such as leisure activities, professional attainment, life style and sex \[[@B7], [@B25]\] can have a considerable impact as well.
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![Grey (left) and white (right) matter volume for 3 MCI patients separately (black dots), compared with healthy controls (red and green box plots) (*n* = 12). Both red and green rectangles represent the interquartile range (IQR) of the healthy older adults, whereas the red and green dots represent the outliers, of the same population, below the "minimum" (Q1 − 1.5 × IQR) and/or above the "maximum" (Q3 + 1.5 × IQR).](crn-0012-0222-g01){#F1}

![Percent of grey (left) and white (right) matter volume for eight different ROIs of 3 MCI patients (square = patient 1, diamond = patient 2, circle = patient 3), compared with healthy controls (blue box plots) (*n* = 12).](crn-0012-0222-g02){#F2}

###### 

Cognitive tests of the three MCI patients and the matched healthy controls (*n* = 33) for each patient

                                            Patient 1              Patient 2            Patient 3            Healthy controls
  ----------------------------------------- ---------------------- -------------------- -------------------- ------------------
  MMSE                                      27/30 (3rd perc.)      24/30 (0th perc.)    28/30 (3rd perc.)    29.51±0.83
  Digit Span (backward)                     2/10 (0th perc.)       5/10 (12th perc.)    5/10 (12th perc.)    6.45±2.13
  COWAT                                     9/20 (0th perc.)       8/20 (0th perc.)     11/20 (3rd perc.)    15.22±4.41
  VAT                                       1/6 (0th perc.)        0/6 (0th perc.)      6/6 (51st perc.)     5.03±1.26
  Stroop[^a^](#T1F1){ref-type="table-fn"}   99/100 (3rd perc.)     32/100 (0th perc.)   81/100 (0th perc.)   99.78±0.49
  CORSI                                     4/10 (0th perc.)       3/10 (8th perc.)     4/10 (8th perc.)     7.31±1.77
  RAVEN                                     38/60 (24th perc.)     2/60 (0th perc.)     34/60 (9th perc.)    45.18±10.61
  Visual Search                             116/120 (72nd perc.)   99/120 (0th perc.)   10/120 (0th perc.)   112.18±4.75
  N-Back                                    1/10 (54th perc.)      1/10 (54th perc.)    1/10 (54th perc.)    6.15±1.79

More specifically, we used the third part of the test where inhibitory control is assessed in terms of accuracy level achieved in a fixed amount of time, not speed of processing.

###### 

Visual rating scale evaluation of the three MCI patients and the matched healthy controls (*n* = 33) for each patient

              Subject 1   Subject 2   Subject 3   Healthy controls
  ----------- ----------- ----------- ----------- ------------------
  GCA         1           2           2           0.65±0.58
  MTA right   0           1           1           1.00±1.22
  MTA left    1           1           1           1.00±0.34
  Koedam      2           1           1           0.50±0.53
  Fazekas     0           1           2           1.00±0.74

[^1]: Philippe Demaerel, Jos Tournoy, and Marc M. Van Hulle share the last senior authorship.
